A series of new fatty acids containing photosensitive groups at different positions on the paraffin chains supported the growth of an auxotroph of E. coli requiring unsaturated fatty acids. The derivatives were 6-, 9-, 11-, and 12-azidostearic acids, 12-azido-oleic acid, 16-azidopalmitelaidic acid, and 12.(4-azido-2-nitrophenoxy)-stearic and -oleic acids. Analyses of the phospholipids from cultures grown in the presence of the first six compounds showed that these derivatives accounted for 16-43% (14). This organism has now been shown to also utilize a number of fatty acids carrying potential crosslinking groups for growth. In the several cases analyzed, these fatty acids were essentially all in the carbon-2 position of the glycerol moieties of the phospholipids.
derivatives offers a new app to the study of membrane structure and, in particular, phospholipid-protein interactions by photolysis-induced crosslinking of the fatty acids to the structures in their immediate vicinity.
Biological membranes consist of phospholipid bilayers in which proteins are heterogeneously embedded (1) (2) (3) (4) . Therefore, an understanding of membrane structure and function requires insight into the nature of the interactions between the proteins and the phospholipids. While studies in vitro have indicated that a number of membrane enzymes are dependent on specific phospholipids for activity (5) (6) (7) (8) , it is desirable to study such interactions in vivo. Are such interactions freely exchangeable as a consequence of the high lateral mobility in membranes (3, 4) ? At the structural level, do some functional units in membranes consisting of phospholipids and multiple proteins retain their organization and association despite the lateral motion? If, experimentally, phospholipids can be fixed into their in situ positions by crosslinking groups, the molecular interactions could be characterized.
Recently, Chakrabarti and Khoranat have described the synthesis of pho~pholipids with fatty acids bearing photosensitive groups. The phospholipids when converted to liposomes did, in fact, undergo dimer and multimer formation on ultraviolet irradiation.
As an approach to the study of the nature of the interaction between the phospholipids and proteins of membranes, we have sought a bacterial strain that would incorporate photosensitive crosslinking fatty acids into its phospholipids. Extensive studies by workers in a number of laboratories have been carried out on membrane function using Escherichia coli mutants that are dependent on unsaturated fatty acids or on both saturated and unsaturated fatty acids (9- Abbreviations: The short-hand convention: cis-A9-18:1 for cis-A9-octadecenoic acid (oleic acid) has been used. * (14) . This organism has now been shown to also utilize a number of fatty acids carrying potential crosslinking groups for growth. In the several cases analyzed, these fatty acids were essentially all in the carbon-2 position of the glycerol moieties of the phospholipids.
MATERIALS AND METHODS
Materials. cis-A9-12-Azido-octadecenoic acid, 6-, 9-, 11-, and 12-azidostearic acids, trans-A9-16-azidohexadecenoic (16- (17) . For determination of the fatty acids, methanolysis was carried out as described elsewheret, and the infrared spectra of the methyl esters were examined. The proportion of the azido-fatty acids in the total fatty acids was estimated by comparing the absorption band of the ester at 1735-1740 cm-1 and the sharp azido band at 2100 cm-1. In some instances phospholipids were analyzed directly by infrared adsorption for azido derivatives. For selective release of the fatty acid at the 2 position, the phospholipids were sonicated to form liposomes and treated with phospholipase A2, and the resulting lysophospholipids and fatty acids were analyzed after chromatography on silica gel thin layer plates as describedf. RESULTS Fig. 1A with the same fatty acid concentrations and inocula. The "no addition" control values were arbitrarily increased by 8 In Fig. 2A the growth of strain K1060-B5 at 370 is compared using 6-azido-, 9-azido-, and 12-azidostearic acids. An interesting pattern is seen. 9-Azidostearate supported the growth with a rate close to that with oleate. On the other hand, 12-azido-18:0 gave an approximately 2-hr greater lag in growth and reached its maximum much more slowly than the 9-azido derivative. 6-Azido-18:0 gave an additional lag of about 1 hr compared to oleate, and the growth rate was slower. In addition, by 19 hr it had not reached the same density as the other cultures. The growth with Il-azidostearic acid (not shown) at 370 was quite similar to that with oleic acid.
The pattern of growth with the 6-, 9-, and 12-azidostearic acids was essentially the same at 300 as at 370 (Fig. 2B) . The 6-azido derivative again showed lower maximum growth. However, when a 1:250 dilution of the 6-azidostearate culture growing at 300 was inoculated into another medium containing 6 mg of 6-azidostearate per 100 ml, at 300, growth to greater than 2 X 109 cells per ml (counting chamber) occurred before 46 hr. The culture had not reverted to Fab+ or Fad+. The phospholipids of this culture were analyzed for azidostearate (see below). It remains to be determined whether a substrain growing better on 6-azidostearic. acid had been selected. Silbert et al. found that the substrain, which could grow well on branched-chain fatty acid, could be isolated from the parent strain K1060 using similar conditions (14) .
Position of the Photosensitive Fatty Acid in Phospholipids. The phospholipids obtained after growth of strain K1060-B5 on the various fatty acid derivatives were analyzed for the azido group. In all cases, except with 6-azidostearate, the azido fatty acids accounted for about 31-43% of the total fatty acids of the phospholipids (Table 1 ). While 6-azidostearate supported growth (see Fig. 2 ) and entered the phospholipids, it comprised only 16% of the total fatty acids. Since this level is considerably below that found with the other azido derivatives, but is near the tolerated lower limit of 15-20% for unsaturated fatty acids (18) , additional studies are necessary to understand this finding.
The phospholipids formed on growth with 12-azido-oleate, li-azidostearate, and 16-azidopalmitelaidate were subjected to treatment with phospholipase A2 and the resulting lysophospholipids and fatty acids were analyzedt. Within the limits of this method, it is estimated that the 1-position of the glycerol moiety could not contain more than 5% of these azido fatty acids. In comparison with values in the literature (14,.19) , this apparent exclusivity in the incorporation pattern may be unusual. At 370, the three derivatives accounted for about 31-36% of the fatty acids in the phospholipids, or up to 62-72% of the fatty acids in the 2-position.
The following experiment was carried out to measure the distribution of phospholipid species when cultures were grown on azido fatty acids. Strain K1060-B5 was grown in the presence of inorganic [32P]orthophosphate and 12-azidooleic acid in a low phosphate medium at 300 allowing the cultures to reach the stationary phase. The total envelope fraction was isolated by the lysozyme-EDTA-Brij method as described by Huang and Buchanan (20) . Phospholipids isolated from the membrane fraction were analyzed by thinlayer silica gel chromatography. Their percentages were: phosphatidylethanolamine, 75%; phosphatidylglycerol, 4%; cardiolipin, 16%; phosphatidic acid, 3%; and unidentified material, 2%. These values are similar to other data reported for stationary cultures (21) . Although the individual phospholipids were not analyzed for the presence of 12-azidooleate, it is unlikely that it could be excluded from any species because of the common pathways of biosynthesis from phosphatidic acid (21) .
DISCUSSION
The present work has demonstrated that a variety of fatty acids containing azido or 4-azido-2-nitrophenoxy groups (24) , provides more appropriate packing in the membrane bilayer and/or allows necessary interaction in specific protein-phospholipid complexes. Similarly bromostearic acids satisfy the requirements of unsaturated fatty acid auxotrophs (refs. 25, 26 , and the present work).
The wide range of fatty acid derivatives that will satisfy the requirements for phospholipid and membrane synthesis leads to the question of the function of these derivatives in the specific complexes formed between phospholipids and many membrane proteins. Because the fatty acid compounds tested appeared to completely substitute for the unsaturated fatty acids, it is reasonable to conclude that functional phospholipid-protein complexes are formed with the new derivatives used in the present study. While it is conceivable that a trace of unsaturated fatty acid may be formed by leakage of the mutational block or by reversion, no detectable growth occurred in the absence of added fatty acids (but see footnote §). However, in the case of 12-azidonitrophenoxystearic acid it is still possible that a small priming quantity of exogenous oleic acid may be necessary to obtain growth.
The incorporation into the phospholipids in vtvo of fatty acids capable of generating crosslinking structures by photolysis provides a potentially powerful tool for probing the structure of membranes. It has been demonstrated that intermolecular crosslinking occurs in vesicles prepared from phospholipids containing photosensitive fatty acidst. Therefore, it may be hoped that it is now possible to study the interaction of membrane phospholipids with their specific protein counterparts and to gain insight into the nature of the hydrophobic interaction. This approach also may permit the mapping of membrane proteins in terms of their inside or outside character and the phospholipids with which they are associated in vivo. Ultimately, fatty acids derivatized at various positions along the paraffin chain may offer a means to study the interaction between phospholipids and membrane proteins of differing hydrophobicities. It is encouraging that fatty acids bearing azido groups at the 6, 9, 11, 12, and 16 carbon positions were utilized for phospholipid synthesis.
It should be mentioned that azido groups have low e values and their absorption band in the ultraviolet overlaps those of nucleic acids and proteins. Careful irradiation, together with the use of radioactive fatty acids of high specific activity, may be necessary to detect small amounts of crosslinking. Concurrently with these studies alternative photosensitive groups with more favorable properties are being sought.
